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We use time-resolved Faraday rotation to measure coherent spin dynamics in colloidal CdSe
quantum dots charged in an electrochemical cell at room temperature. Filling of the 1Se electron
level is demonstrated by the bleaching of the 1Se-1S3/2 absorption peak. One of the two Lande´
g-factors observed in uncharged quantum dots disappears upon filling of the 1Se electron state. The
transverse spin coherence time, which is over 1 ns and is limited by inhomogeneous dephasing, also
appears to increase with charging voltage. The amplitude of the spin precession signal peaks near
the half-filling potential. Its evolution at charging potentials without any observable bleaching of
the 1Se-1S3/2 transition suggests that the spin dynamics are influenced by low-energy surface states.
PACS numbers: 78.67.Hc, 78.47.+p, 71.35.Pq, 73.22.-f
In recent years, chemically synthesized semiconductor
quantum dots (QDs) have been used in a wide variety
of applications from QD-lasers1,2,3,4 and light emitting
devices5,6 to fluorescent labels.7,8 The size-tunable spec-
trum of energy levels and the ease of colloidal nanocrys-
tal synthesis make these nanocrystals versatile systems
for the study of confined charges; the ability to optically
excite carriers has spurred work on coherent spin dynam-
ics in colloidal QDs revealing multiple Lande´ g-factors
and spin coherence times reaching several nanoseconds
at room temperature.9,10 Advances in electrochemical
charging of such nanocrystals have given researchers
exquisite control over the electronic state of the QD and
have opened new avenues in the study of state-filling ef-
fects in colloidal QDs.11,12,13 In this paper we study the
effects of electrochemical charging on the spin dynam-
ics of optically excited carriers in an ensemble of CdSe
QDs. The filling of QD energy levels affects properties
such as the transverse spin lifetime and the Larmor pre-
cession frequencies, revealing the dependence of QD spin
coherence on surface states and the externally controlled
electron occupation.
Stearic acid capped 6-nm diameter CdSe nanocrystal
QDs are synthesized and purified by standard colloidal
chemistry methods14 and are dissolved in a 9:1 (by vol-
ume) hexane:octane mixture. Following the methods of
Guyot-Sionnest and co-workers,12,13 close-packed CdSe
nanocrystal films are formed by drop-casting the QDs
onto a quartz slide covered with a transparent indium-
tin-oxide (ITO) electrode modified with 4-aminobutyl-
dimethylmethoxysilane linker molecules. Dipping these
films into a 5mM solution of 1, 7-diaminoheptane in an-
hydrous methanol followed by a bake for 3 hours at 70◦C
cross-links the ’loosely’ packed QDs into tightly close-
packed arrays. The nanocrystal-coated slide is then im-
mersed in a 0.1 M electrolyte solution of tetrabutylam-
monium tetrafluoroborate dissolved in anhydrous N,N-
dimethylformamide inside a fluorometer cell. A Pt
counter electrode and a Ag pseudo-reference electrode
complete a three-terminal electrochemical cell with the
ITO working electrode. The preparation of the QD film
and assembly of the cell are conducted inside of an ar-
gon atmosphere glove box. Before removal from the
glove box, the cell is sealed with epoxy and enclosed
within a vacuum-tight vessel to prevent oxidation; ex-
ternal feedthroughs connect the contacts within the ves-
sel to a potentiostat which maintains a voltage Vcell be-
tween the reference and working electrodes. Negative
Vcell injects electrons into the 1Se state of the QDs,
evidenced by bleaching of the 1Se-1S3/2 interband ab-
sorbance peak measured using a white light source and a
spectrometer.13 After measurement at the desired Vcell,
a positive bias of Vcell = 0.5 V is applied in order to dis-
charge the quantum-confined states and any long-lived
localized trap states which may also have been filled. Re-
peated charging can cause the bleaching process to slow
or eventually cease as oxygen or other impurities induce
irreversible chemical reactions in the film and electrolyte.
Careful fabrication of the cross-linked QD film and as-
sembly of the air-tight electrochemical cell are critical for
a sample with long-lived reproducible charging behavior.
Typical optical absorbance spectra α(E) are shown in
Fig. 1b, showing the 1Se-1S3/2 absorption peak bleaching
with negative Vcell. The bleaching spectrum is calculated
as α−α0/α0, where α is the film’s absorption at a given
Vcell and α0 is the absorption for Vcell = 0 V, and is
shown in Fig. 1c for representative values of Vcell. The
average number of electrons occupying the 1Se state in
the QD ensemble can be controlled between 0 and 2 with
the appropriate Vcell so that the degree of bleaching has a
direct relation to the occupation of the 1Se state.
13 Vhalf
corresponds to an average electron occupation of 1 in the
1Se state of each quantum dot and α−α0/α0 = 0.5. Vhalf
varies from −0.85 to −1.0 V between QDs with nominally
similar sizes due to variations in cell assembly and film
quality. Bleaching of the 1Se-1S3/2 transition occurs over
a range of ±0.1 V around Vhalf.
Coherent spin dynamics are measured by time-resolved
Faraday rotation (FR) in the Voigt geometry.15 A mode-
locked 76-MHz Ti:Sapphire laser pumps an optical para-
metric oscillator, producing 200-fs pulses tunable be-
tween energies of 1.97 and 2.21 eV which are split into
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FIG. 1: (a) TEM image of a close-packed CdSe nanocrystal
film. (b) Absorbance spectra α(E) at Vcell = −0.8 V(black),
−1.0 V (gray), and −1.2 V (light gray) along with a schematic
of relevant energy levels in charging experiments. Vcell = 0.0
V is identical to Vcell = −0.8 V. (c) Bleaching spectra relative
to Vcell = 0.0 V as described in the text. Bleaching of the 1Pe
electron level can be seen at 2.35 eV.
a circularly polarized 1-mW pump and linearly polar-
ized 30-µW probe beam. We also use a regeneratively
amplified Ti:Sapphire laser to pump two optical para-
metric amplifiers (OPA) allowing independent tuning of
pump and probe energies. The dual OPA system im-
proves signal-to-noise, but the qualitative features of the
FR were unchanged between laser systems. The pump
helicity is varied at 40 kHz by a photo-elastic modula-
tor, while the probe beam is chopped at 1 kHz for lock-
in detection. Both beams are focused to an overlapping
100-µm diameter spot on the QD film which is positioned
between the poles of two permanent magnets. The pump
pulse excites spin-polarized electron-hole pairs at time
t = 0, which we assume relax to the lowest energy ex-
citon state within a picosecond.1,16,17 The pump-excited
spins precess about the applied magnetic field B at the
Larmor frequency νL = gµBB/h, where g is the Lande´
g-factor, µB is the Bohr magneton, and h is Planck’s
constant. By the Faraday effect, the probe beam polar-
ization axis rotates by an angle θF proportional to the
spin polarization along the beam path; this angle is mea-
sured as a function of the time delay t between pump and
probe pulses. For consistency, all reported FR measure-
ments are at room temperature with B = 0.28 T from a
single film with Vhalf = −0.95 V. Variations in charging
behavior between different samples due to nanocrystal
size variation and sample quality make direct quantita-
tive comparison between any two samples difficult, al-
though the qualitative results from all samples measured
agree with those reported here.
Figure 2 shows typical time-resolved FR time scans
(Figs 2a-d) and the corresponding Fourier transforms
(Figs. 2e-h) for representative charging voltages with the
pump and probe energies tuned to the 1Se-1S3/2 exciton
resonance in this sample at 2.03 eV. The data for Vcell =
0.0 V are characterized by an oscillating component su-
perimposed on a decaying background. The Fourier
transform for this voltage (Fig. 2e), reveals two distinct
frequencies (ν1, ν2) contributing to the oscillation, con-
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FIG. 2: (a) - (d) FR time-domain scans for representative
voltages. Voltages not plotted represent a smooth evolution
between the displayed results. The fast Fourier transforms
in (e) - (h), which have been smoothed for clarity, show two
frequencies in uncharged nanocrystals evolving to a single pre-
cession frequency in the charged ensemble.
sistent with previous FR studies of CdSe QDs.10,17 On
charging, the FR amplitude increases while the relative
weight of the higher frequency component (ν2) decreases
until disappearing completely around Vhalf. (Figs. 2f-
h) The amplitude of the lower frequency component (ν1)
decreases beyond Vhalf. Monitoring the absorbance of
the probe beam, αprobe, ensures that the QDs within the
laser focus spot are charging with the application of Vcell
as the absorbance peak bleaches (Fig. 3a).
In order to more carefully examine these parameters,
the FR time-domain data are fit to two decaying cosinu-
soidal components, given by Eq. (1):
θF = θ0 + θ1 exp(−t/T
∗
2,1) cos(2piν1t+ φ1) +
θ2 exp(−t/T
∗
2,2) cos(2piν2t+ φ2) + θexp exp(−t/∆t) (1)
where θ0 is an offset, θ1(θ2) the amplitude of the first (sec-
ond) frequency component, T ∗2,1(T
∗
2,2) the transverse spin
coherence time, ν1 (ν2) the Larmor frequency, and φ1(φ2)
the phase, θexp and t the amplitude and decay time re-
spectively of the non-oscillating exponential background.
At voltages Vcell < −0.9 V, the second frequency compo-
nent (ν2) is not present and only one of the cosinusoidal
terms is kept in the fit function.
The non-oscillating component with a decay time of
t = 0.9 ± 0.1 ns disappears when the film is charged
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FIG. 3: (a) Absorbance of the probe beam, measuring the
local bleaching at the laser focus spot. (b) Amplitude of
the non-oscillating component θexp, which vanishes on charg-
ing. (c) Fit results for the spin coherence times T ∗2,1 (cir-
cles), T ∗2,2 (triangles), and the Gaussian dephasing time ∆t
(squares). For T ∗2,1 ≫ ∆t, the fitting algorithm cannot quan-
titatively distinguish between a purely Gaussian lifetime and
the exponential lifetime T ∗2,1, suggesting that the spin relax-
ation is completely dominated by inhomogeneous dephasing
for |Vcell| > 1.0 V.
beyond Vhalf. (Fig. 3b) The origin of this component
is unclear, as earlier studies of confined nanostructures
have attributed similar non-oscillating signals as to the
decay of hole spins pinned along the growth axis,15 the
leakage of longitudinal spin relaxation signal,10 surface
carrier trapping,9 or the decay of non-oscillating exciton
populations.18 The quenching of θexp with charging is
consistent with the latter two explanations.
The lower frequency FR amplitude ν1 decays with a
Gaussian envelope, indicating that the relaxation of co-
herent spins in the QD ensemble is dominated by inho-
mogeneous dephasing. The effect of the inhomogeneous
QD size can be modeled as a Gaussian distribution of
g-factors with width ∆g. Averaging the FR contribu-
tions over the ensemble introduces an additional Gaus-
sian envelope to the oscillatory terms of Eq. 1 with a
width ∆t = h¯/µBB∆g.
10 Fits to the FR yield both the
Gaussian decay width and the transverse spin lifetimes
(Fig. 3c). Since ∆t is about 0.7 ns for all Vcell, the
dephasing is due to structural properties such as orienta-
tion and size variation that are not affected by changes
in electronic occupation. Assuming all inhomogeneities
are size related, this dephasing rate corresponds to a g-
factor width ∆g = 0.06 and a size distribution of about
15%. The size distribution of the synthesized QDs is es-
timated to be closer to 5%, suggesting contributions to
the inhomogeneous broadening by shape anisotropy and
random nanocrystal orientation which are not accounted
for in this simple size-averaging procedure. The spin co-
herence time of the ν1 component, T
∗
2,1, increases dra-
matically with charging, though quantitative fit results
for coherence times above 2 ns are not reliable because
the vanishing of the FR signal due to dephasing. This re-
sult is consistent with the large increase in spin lifetimes
reported in n-doped self-assembled InAs-GaAs QDs com-
pared to undoped QDs.19 Further experiments in systems
with less inhomogeneity or on single quantum dots will
help avoid the limitations of inhomogeneous broadening
and isolate the effects of charging upon the spin lifetime.
The amplitudes of the two FR components behave
quite differently from each other (Fig. 4a). The lower
frequency amplitude θ1 increases significantly, reaching
a maximum near Vhalf before decreasing toward zero in
doubly-charged QDs. θ2 vanishes sharply at Vhalf due to
the presence of charges in the 1Se state.
Comparison between Figs. 3a and 4a show that ν1
increases at Vcell well below the 1Se charging near Vhalf.
The amplitude increase between 0 V and Vhalf may be due
to the filling of low-energy surface states on the nanocrys-
tals which have been shown to provide fast non-radiative
pathways for carrier relaxation. Surface defect states in
uncharged QDs, in addition to influencing energy levels20
and photoluminescence dynamics13, account for the re-
laxation of up to half of optically injected carriers within
a few ps (Fig. 4c).1,21 For Vcell between 0 V and Vhalf,
these empty surface states in the QD band gap can be
filled by electrochemically injected charges, blocking the
relaxation pathway and increasing the number of QDs
in the ensemble with long-lived coherent electron popu-
lations (Fig. 4d). This interpretation is supported by
the disappearance in charged QDs of the spikes in the
FR near t = 0 which may denote decay processes on the
order of a few ps (Fig. 2a-d). The FR amplitude reduc-
tion for charging beyond Vhalf is due to Pauli blocking
of absorptive 1Se-1S3/2 transitions, as evidenced by the
commensurate bleaching (Fig. 1c) and reduction in probe
beam absorption (Fig. 3a) in this regime.
The two constant precession frequencies (Fig. 4b) cor-
respond to Lande´ g-factors of g1 = 1.15 and g2 = 1.63,
in agreement with what would be expected for a 6-
nm diameter QD.9 The origin of the two g-factors in
CdSe QDs has been attributed to multiple sources in the
literature.22 Theoretical calculations from effective mass
models suggest that the lower frequency g1 is electron
spin precession.10,23 Ref. 10 follows this assignment and
subsequently attributes g2 to exciton precession in a sub-
set of quasispherical QDs where the spin-splitting due to
shape and wurtzite crystal anisotropies cancel. Another
interpretation of the time-resolved FR data in Ref. 10
proposed by Chen and Whaley24 attributes the two ob-
served g-factors to the two anisotropic components of the
g-tensor g⊥ and gz predicted by tight-binding calcula-
tions. As noted in Ref. 24, however, this calculation does
not account for the random orientation of the nanocrys-
tal axes relative to the spin injection axis. Previous ex-
perimental work shows that anisotropic g-factors should
lead to a single averaged frequency in the FR data.25 Fur-
ther, the markedly different qualitative behavior of the
two precession frequencies with charging in the current
experiment supports the interpretation by Ref. 10 of dis-
tinct states giving rise to the components. These details
favor the conclusion that g2 is an excitonic g-factor, but
neither the original FR measurements nor the charging
experiments give any details as to which fine-structure
exciton state may be involved in the precession.
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FIG. 4: (Color) (a) FR amplitudes θ1 and θ2 as functions of
Vcell. (b) Larmor precession frequencies ν1 and ν2 correspond-
ing to g-factors of g1 = 1.15 and g2 = 1.63. (c)-(f) Schematic
diagrams of charged QD spin dynamics under σ+ pump ex-
citation. For σ− pump pulses, all spin directions should be
reversed. (c) In a fraction of CdSe QDs, optically injected
electrons relax non-radiatively (green arrow) into surface de-
fect states within a few ps, leaving no 1Se electron to probe.
(d) For a Vcell that fills the surface states, optically injected
electrons remain in the 1Se level and FR can be measured in
all QDs. (e) A circularly polarized pump pulse can only create
an exciton in a charged QD with one spin orientation of the
electrically injected charge. The singlet in the 1Se state pre-
vents probe pulses from interacting with this QD. (f) Probe
pulses can measure a singly-charged QD which has not ab-
sorbed a pump pulse; there is no exciton precession, however.
The quenching of the g2 component can be explained
within this exciton precession model by noting that in
an idealized QD, selection rules dictate that circularly
polarized pump pulses can only interact with a subset
of singly-charged QDs in the ensemble. When the single
1Se electron is spin up (down), only σ
+(σ−) polarized
pump pulses can be absorbed.18 Since the 1Se electrons
of the resulting charged exciton must be in a singlet state,
the delayed probe pulse cannot interact with the pumped
QDs (Fig. 4e). Thus, the FR signal from a charged QD
ensemble is likely due to QDs which had no initial charge
and were optically excited, or singly-charged QDs which
have not absorbed the pump pulse because the 1Se charge
has the opposite spin for the pump helicity. For a Vcell
where QDs are at least singly-charged, the probe pulse
will not measure any QDs with optically generated exci-
tons, but rather only those with a single electrically in-
jected 1Se electron (Fig. 4f). Hence, for Vcell correspond-
ing to a charged ensemble, only electron spin precession
is observed whereas exciton precession is quenched.
In summary, we have studied the effects of electro-
chemical charging on the spin dynamics of optically in-
jected carriers in colloidal CdSe quantum dots. The
charging of the nanocrystals suppresses the higher of two
spin precession frequencies, which is most likely of ex-
citonic nature. Further, the amplitude of the spin pre-
cession increases up to near the half-filling potential and
decreases in completely charged dots, likely due to sur-
face defects and Pauli blocking. Inhomogeneous dephas-
ing limits interpretation of spin coherence times, though
there is evidence for an increase in transverse electron
spin lifetime.
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